Introduction
In a recent paper, presented calibrated 14 C (calendar) ages for 36 corn cobs (hereafter referred to as cobs) from Chaco Canyon archaeological contexts, including ages for seven Pueblo Bonito cobs dated by Cordell et al. (2008) . Twenty-one of the cobs from three great houses (Pueblo Bonito, Kin Klizhin, and Chetro Ketl) and Gallo Cliff Dwelling yielded a pooled 14 C age of 870 AE 5 years (yr) and a mean calibrated age of A.D. 1176 AE 12 yr. Fifteen of the 21 cobs came from Gallo Cliff Dwelling. In the present study, an additional 10 cobs from Gallo Cliff Dwelling were 14 C dated with nine of them yielding a pooled 14 C age of 857 AE 7 yr and a mean calibrated age of A.D. 1196 AE 15 yr. Thirty cobs from both studies yield a pooled 14 C age of 865 AE 4 yr and a mean calibrated age of A.D. 1180 AE 10 yr. These cobs date to the beginning of a wet period that followed the mid-12th-century megadrought ( Fig. 1) . At about A.D. 1130, during the initial phase of the mid-12th-century megadrought, the Chacoan system appears to have collapsed (Judge,1989; Lekson,1991) . At that time all great house construction in Chaco Canyon ceased (see, e.g., Time Line 3 on p. 34 of Vivian and Hilpert, 2002) and most of the great houses in the San Juan Basin were abandoned (see Fig. 2 in Benson et al., 2007) . However, it should be noted that great houses are not necessarily good indicators of population density; e.g., Windes (2003) has suggested that that the resident population of the 800-room Pueblo Bonito never exceeded 100 individuals.
Some Chaco Canyon great houses were used as habitation sites after A.D. 1130; e.g., Pueblo Bonito indicates limited evidence for habitation and substantial evidence for the use of kivas, some of which are Mesa Verdean in style (Windes, 2003) . In addition, ceramic dating indicates that small houses may have occupied in the lower reaches of Chaco Canyon during the early A.D. 1100s and that there also was occupation of small houses in the Chaco East Community in the late A.D. 1100s (Windes et al., 2000) .
It is not apparent, whether the people occupying Chaco Canyon in the A.D. 1180s represented a residual population, whether they had migrated to the Canyon during the mid-12th-century megadrought or at the beginning of a late-12th-century wet period ( Fig. 1 ) or whether they were composed of a combination of residual-Chacoan and immigrant groups.
A comparison of the tree-ring-cutting-date distribution for the southern Colorado Plateau with a normalized tree-ring-based precipitation record for the southeastern Colorado Plateau (Fig. 1) shows that, in general, spikes in construction activities occurred during wet periods and that little or no construction occurred during the mid-12th-and late-13th-century megadroughts. These data indicate that climate change impacted prehistoric Native American populations in the southeastern Colorado Plateau and it is possible that people from outside Chaco Canyon in the A.D. 1180s attempted to reoccupy the Canyon during the early stages of a very wet period.
The objective of this study is to determine the source area(s) of Chaco Canyon cobs which date to the late A.D. 1180s. Were the cobs grown within the Chaco Halo -an area herein defined as stretching from Raton Wells on the east to the base of the Chuska Mountains on the west (Fig. 2) 1 -were they imported from an area within the Sr ratios of synthetic soil waters from 174 sites within the southeastern Colorado Plateau area ) and with synthetic soil waters from 30 sites within the Zuni Reservation.
Chacoan connections
If the archaeological cobs came from outside Chaco Canyon, it is reasonable to hypothesize they were imported from a community (or communities) that had a past or existing connection to people living in the Canyon. Lekson (2009:98) has suggested that people moving in to Mesa Verde during Pueblo I were descendants of those that built two large Chaco Canyon Basketmaker III sites (Shaik'eschee and site 29 SJ 423). Wilshusen and Van Dyke (2006) have suggested, using data gleaned from Chaco Canyon and the Navajo Reservoir area that emigrants from the Mesa Verde region moved into Chaco during the late-9th and 10th centuries. In an architectural sense, this concept is supported by the study of Wilshusen and Ortman (1999) Fig. 5 .9 in Kantner and Kintigh, 2006) . Cameron and Duff (2008) have succinctly summarized the debate regarding the relation of great house communities outside the Canyon and Chaco. On one side, Kantner and Kintigh (2006) argue that Chaco was an important religious center but it was not strongly connected politically or economically to great houses outside the Canyon. On the other side, Lekson (2006) believes that Chaco was a chiefdom that exercised ritual and political control of great house communities outside the Canyon. The author favors Lekson's (2006) concept of the Chaco world and accepts the arguments of Cameron and Duff (2008) , which point to the fact that ''Canyon leaders employed both cooperative and coercive strategies'' with regard to communities external to the Canyon.
Even before the collapse of the Chacoan world at about A.D. 1130, there appears to have been a transfer in regional dominance from Chaco north to the Totah. Judge (1989: 247) was the first to suggest that ''there was a shift in the administrative and ritual locus from Chaco to the San Juan area, perhaps to either Aztec or Salmon .circa A.D. 1090-1100''. Reed (2006) has argued that local San Juan residents were recruited by in-migrating Chacoans to be part of the original Salmon residential group and that the local indigenes remained in Salmon after A.D. 1125 (Reed, 2008 (Kintigh et al., 2004) . While the rate of population increase in the Zuni region for the A.D. 1125-1225 period cannot be proven to have resulted from in-migration, megadrought characterized the southern Colorado Plateau between A.D. 1130 and 1177 ( Fig. 1; see, e.g., Benson and Berry, 2009) and it is doubtful that populations expanded during this time period by means other than in-migration.
Methods

Strontium isotopes
A radiogenic isotope is one that was produced by the decay of a radionuclide, but which itself may or may not be radioactive. 1 Doyel et al. (1984) first used the term ''Chaco Halo'' to indicate a high-density zone of occupation with a 5-km radius that surrounded Chaco Canyon and suggested that sites around the periphery of the Canyon acted to support the main Chaco megacommunity. This study assumes that the principal interaction ellipsoid (Halo) was composed of 12 great houses within the Canyon, the great houses and communities along the Rio Chaco east and west of the Canyon and the Chuska slope, the latter which has been shown to have supplied corn, timbers, chert, and pottery to the Canyon ( 
Maize processing
Chemical analyses of 22 cobs from Chaco Canyon (19 from Gallo Cliff Dwelling, two from Chetro Ketl, and one from Pueblo Bonito) are utilized in this study ( Sr data for 12 cobs previously studied by .
An additional 10 cobs from Gallo Cliff Dwelling were processed in this study prior to trace metal and 87 Sr/ 86 Sr analyses, using the cleaning procedure successfully tested on burned cobs by Benson et al. (2010) . The procedure consists of first treating pieces of crushed cob with hydrochloric (HCl) acid to dissolve carbonate minerals. The cob pieces were then thoroughly rinsed to remove dissolved solids (especially Ca, which could react and precipitate with F introduced in the subsequent procedure) and then treated with hydrofluoric (HF) acid to dissolve silicate minerals. The cob pieces were rinsed again and the sample ashed in a muffle furnace. After ashing, deionized (DI) water, nitric acid (HNO 3 ), and HCl were added to the sample and the solution was filtered to remove residual mineral particles. Benson et al. (2010) have shown that unburned cobs tend to ''leak'' metals when exposed to a liquid for more than a few minutes. In this paper, the application of the cleaning procedure to the unburned Gallo Cliff Dwelling cobs was done in order to test whether sufficient Sr, originally bound to weak ion-exchange sites in the cob, remained after cleaning. The cleaning procedure employed in this study differs from that used to treat the 12 cobs previously reported in Benson et al. (2010) (first set in Table 1 plus Chetro Ketl and Pueblo Bonito cobs); i.e., in the previous study, cleaning was confined to two physical processes: (1) the cupules and outer part of the cob were removed with a titanium knife, and (2) visible contamination (sediment) also was removed. In that study, acids were not applied to the cobs to remove mineral particles; therefore, dissolution of some residual silicate particles (containing Sr) with HF after ashing may have slightly biased the 87 Sr/ 86 Sr data obtained on the original 12 cobs.
Radiocarbon dating of the archaeological cobs
Radiocarbon ( 14 C) analyses of the 22 cobs (Table 1) C ages of the cobs were calibrated (converted to calendar years) using CALIB 5.0.1 (Stuiver et al., 2005) . Radiocarbon ages of cobs that dated to the A.D. 1180s and early 1190s were pooled in order to determine mean calibrated ages for various cob sets (Table 1) . and a 5-g subsample of soil combined from the four depth intervals was leached for 48 h with constant agitation, using 500 mL of 1-M acetic acid prepared from distillation-purified glacial-acetic acid. These samples were sequentially filtered through 0.4-and 0.2-mm pore-size membrane filters prior to analysis. root zone with purified acetic acid (Section 3.3) ( Table 2 ). Traceelement data for the Farmington cobs and their synthetic soil waters can be found in Benson et al. (2008) .
Soil collection and processing
Trace-metal analysis of cob digests and soil leaches
Multi-element trace-metal determinations were performed using inductively coupled plasma-mass spectrometry (ICP-MS) and inductively coupled plasma-atomic emission spectrometry (ICP-AES) (Garbarino and Taylor, 1993; Boss and Fredeen, 1999; Taylor, 2001) . All measurements were made on aqueous sample solutions without preconcentration, using direct pneumatic nebulization with a Perkin-Elmer Elan 6000 instrument (ICP-MS) or a PerkinElmer Optima 3300 DV (ICP-AES) 3 . Trace metals in the cobs are listed in Supplementary Table 2. 3.7. Strontium-isotope analysis of cob digests and soil leaches
Strontium chemical separations and isotopic determinations were conducted in a Class 1-10,000 clean room at the University of Colorado, Boulder, Colorado by Emily Verplanck. Strontium separates were obtained using a Sr-specific resin (Sr resin SPS, Eichrom Technologies, Inc.). The value of the total procedural blank for Sr was w30 pg. Strontium isotopic measurements were obtained using a Finnigan-MAT 261 thermal-ionization mass spectrometer in 4-collector static mode.
Results
Comparison of 87
Sr/ 86 Sr ratios in Farmington synthetic soil waters and cobs
The data listed in Table 2 indicate that Farmington cobs have slightly higher values (0-4 units in the fourth decimal place) than in synthetic waters produced from the soils in which the cobs grew. This suggests that the weak acid used to release metals from soluble mineral phases in the soils leaches a minor amount of Sr from mineral sources that are normally not biologically available.
4.2.
14 C ages of the new set of Gallo Cliff Dwelling cobs
Nine of the 10 cobs in the new (second) set from Gallo Cliff Dwelling have nearly identical 14 C ages with a mean calibrated age of A.D. 1196 AE 15 yr (Table 1) , which is nearly the same as the mean calibrated age of 21 cobs (A.D. 1180 AE 9 yr) previously dated by . This indicates that most of the Gallo Cliff Dwelling, Chetro Ketl, Pueblo Bonito, and Kin Kletso cobs, dating individually to the A.D. 1180s and early 1190s, were probably brought into Chaco Canyon at about the same time and may have come from a single source area.
The cobs date to the beginning of a 25-yr wet interval that began in A.D. 1185 and which followed the mid-12th-century megadrought (Fig. 1) . This may indicate that the corn was imported during a time in which people outside Chaco had a sufficient surplus that could be shared with kin groups that had remained in the Canyon during the drought or that corn was being successfully grown within the Canyon.
The anomalous A.D. 1066 date obtained on Gallo Cliff Dwelling cob CHCU43684A (Table 1) (Benson et al., 2008) (Fig. 4 ) indicate the following:
1. The Al and Sr values for the first set of Gallo Cliff Dwelling/ Chetro Ketl cobs are uncorrelated (Fig. 4A) ; however Sr is highly correlated with Al (R 2 ¼ 0.74 when the outlier is excluded and R 2 ¼ 0.93 when the outlier is included) in the second set of Gallo Cliff Dwelling cobs (Fig. 4B) . Sr is also uncorrelated with Al in clean Zuni Blue cobs from the Farmington study (Fig. 4D ). 2. Sr and Al in synthetic soil waters created from root-zone soils of Acoma Yellow and Zuni Blue corn produced in the Farmington study are highly correlated (Fig. 4C ) (R 2 ¼ 0.69 and 0.72). These Farmington soil waters and cobs grown from those soils (Fig. 4G, H) .
The fact that Sr and Al in the second Gallo Cliff Dwelling cob set are highly correlated and that Sr and Al in the modern Zuni Blue cobs are uncorrelated (compare Fig. 4B with Fig. 4D) indicates that Sr and Al in the second cob set do not, for the most part, derive from the organic matter that comprised the cob. Instead, the fact that Sr and Al in synthetic soil waters from the Farmington study also are well correlated (Fig. 4C) suggests that the Sr and Al in the second cob set derive from residual mineral contamination, either a single mineral (or mineral colloid) or a homogeneous mixture of minerals with a fixed Sr/Al ratio. This suggestion is supported by the fact that the 87 Sr/ 86 Sr ratio of the second set of cobs increases with increasing Al (Fig. 4F); i.e., increasing mineral content of the sample. This relationship does not hold in the four Farmington cobs that were analyzed for 87 Sr/ 86 Sr in this study (Fig. 4H) . Therefore, it appears that the cleaning process has stripped the second set of cobs of their organically bound metals and that a small amount of Sr-containing mineral matter or mineral-rich colloidal material escaped the filtration step that preceded chemical analysis. In addition, the relatively elevated 87 Sr/ 86 Sr ratios (>0.7109) of 70% of the second set of cobs (Table 1) are consistent with values of the most mineral-contaminated cobs previously analyzed by . Thus, the 87 Sr/ 86 Sr ratios of the second set of cobs mostly result from mineral/colloid contamination and cannot be used to determine where the corn was grown. A question arises as to why the burned cobs processed in the same manner by (personal communication, 2009) , corn is full of starch, cellulose and sugars, which all char upon roasting/grilling to activated carbon with charcoal. These materials are coated with lignin and lipid breakdown products. The activated carbon together with the fatty acid and methoxyphenol breakdown products are excellent scavengers for trace metals and the metal-organic bond strengths which characterize burned cobs are much stronger than the weak ionexchange sites that characterize unburned cobs. The locations of soil samples collected from the southern Colorado Plateau are shown in Fig. 2 and Zuni region soil sample locations also are shown in Figs. 2 and 3 . In Fig. 5 , 87 Sr/ 86 Sr boxand-whisker plots for 12 Gallo Cliff Dwelling, Chetro Ketl, and Pueblo Bonito cobs (GC/CK/PB) are compared with 87 Sr/ 86 Sr boxand-whisker plots for synthetic soil waters from each of 14 sample regions (data from ). The soil sample locations are enclosed by rectangles in Fig. 2 and include the three Zuni field systems shown in Fig. 3 . In Fig. 5 , the first and third quartiles are at the lower and upper ends of the box, the median (second quartile) is indicated with a horizontal line in the interior of the box, and the maximum and minimum are represented by bars at the ends of the whiskers. The black dots in the Mesa Verde-McElmo Dome boxand-whisker plot represent outliers in the data sets. It would be reasonable to expect that some of the cobs had been grown in the Canyon, especially along Gallo Wash which borders Gallo Cliff Dwelling; however, the Gallo Wash synthetic soil-water Table 1 in 1250-1300 (Fowler and Stein, 1992) . Tree-ring cutting dates from Wide Reed Ruin indicate that construction occurred there between A.D 1220 and 1300 (data from Benson and Berry, 2009 ). In the area around Wide Reed Ruin, construction occurred between A.D. 800 and 1030 , A.D. 1070 and 1140 , and between A.D. 1220 and 1290 . These data confine possible source areas for Gallo Cliff Dwelling and Chetro Ketl cobs to the Zuni region, Mesa Verde-McElmo Dome, and Totah areas.
Chronometric data for the three potential source areas indicate that they were occupied in the A.D. 1180s. For example, population was on the rise in the Mesa Verde-McElmo dome area between A.D. 1050 and 1225 (Varien, 2002; Varien et al., 2007) . In the Totah area, both Salmon Ruin and Aztec West were established on or before A.D. 1100 and populations persisted in this area until about A.D 1300 (Brown et al., 2008; Reed, 2008) . The Zuni region was populated well before A.D. 1100 and remained so until at least A.D. 1275 when Heshatauthla was built (Kintigh et al., 2004) . Thus, we are left with three areas which could have supplied corn to Chaco Canyon in the A.D. 1180s -the Zuni region, the northeastern San Juan Basin (Mesa Verde-McElmo Dome), and the middle San Juan Basin (the Totah).
Choosing between the three potential source areas
It is difficult to objectively choose between the three potential source areas; however, the Totah area is nearest to Chaco Canyon (Fig. 2 ) and appears to be the area to which many Chacoans migrated in the early 12th century.
It is not clear whether people residing in Chaco during and shortly after the mid-12th-century drought were indigenous or had in-migrated. McElmo-style structures, such as Kin Kletso, built shortly after A.D. 1125 (Lekson, 1986) , were originally attributed to the movement of people from the northern San Juan region to Chaco (Vivian and Matthews, 1965) ; however, Lekson (1986) has argued that the building traits that Vivian and Matthews (1965) considered uniquely McElmo in style also were associated with Chaco Canyon great houses that had been constructed long before the early A.D. 1100s.
To further complicate the issue, McElmo Black-on-white ceramics, which originated in the Mesa Verde area, were introduced to Chaco Canyon and the middle San Juan Basin during the mid-12th-century drought and appear to have persisted in the Canyon until at least the late A.D. 1100s (Windes, et al., 2000) . Whether introduction of this pottery involved the actual movement of people from the northern San Juan region to Chaco or whether the ceramic design was simply adopted by a residual Chacoan population remains unresolved.
If people moved from the northern San Juan region to Chaco, in an effort to reoccupy the Canyon in the late A.D. 1100s, one might expect that they would have received support from the people they left behind, especially after the mid-12th-century drought ended and maize became more abundant. But this is no more than conjecture, and more data are needed to convincingly support or refute the idea of an in-migration of a ''McElmo'' people to the Canyon if we are to under understand who was supplying corn to the Canyon during the A.D. 1180s.
Summary and conclusions
Thirty cobs from Chaco Canyon great houses (Pueblo Bonito, Kin Klizhin, and Chetro Ketl) and Gallo Cliff Dwelling were found to have a pooled calibrated age of A.D. 1180 AE 10. Nine of the 30 cobs were subjected to an intense cleaning procedure that unfortunately removed most of the metals attached to weak ion-exchange sites within the cob's organic matrix. This experiment effectively proved that the cleaning procedure that had been developed to treat burned cobs by Sr ratios of the remaining 12 cobs (Table 1) were compared with the 87 Sr/ 86 Sr ratios of synthetic soil waters (Fig. 5) from 14 regions within the southeastern Colorado Plateau (Fig. 2) . For the purposes of this study, soil samples from 10 locations in each of three field areas (Pescado, Nutria, and Bear Canyon) within the Zuni region also were collected (Supplementary Table 1 Sr data indicate that the Chaco Canyon archaeological cobs that date to the late A.D. 1100s did not come from the Chaco Halo, instead the data suggest five potential source areas for the cobs, including: the Nutria field area in the Zuni region, the Mesa Verde-McElmo Dome area, the Totah area, the Defiance Plateau, and Lobo Mesa. The latter two areas were eliminated from consideration in that they appear to have been unpopulated during the time period of interest. Therefore, it appears that the cobs were imported from the Zuni region, the Mesa Verde-McElmo Dome area, or the Totah area during a time when the climate was relatively wet and when a surplus of corn was being produced in regions outside Chaco Canyon. It is suggested that the Totah area is the most likely source of the corn based on the Totah's proximity to Chaco Canyon and also with regard to the Chacoan origin of the people that had migrated to the Totah area in the early A.D. 1100s. (Table 3 ).
The data presented in this paper do not rule out contribution of maize to Chaco from other satellite communities nor does it demonstrate that maize was not being grown in Chaco Canyon either before or after the mid-12th-century drought. Unfortunately, available archaeological cobs from Chaco Canyon contexts are few in number and are not evenly distributed over time. As a result, we probably will never have sufficient cobs to determine a complete set of possible source areas from the inception of the earliest great houses (Pueblo Bonito, Una Vida, and Penasco Blanco) in the A.D. 850s until the complete abandonment of the Canyon in the A.D. 1290s.
The fact that available cob 87 Sr/ 86 Sr data indicate that the corn was grown outside the Canyon suggests that the residual Canyon population was receiving food from external sources. Unfortunately, these data are not sufficient in themselves to reveal the relationship of the group(s) that supplied corn to Chaco after the mid-12th-century drought to those still residing in Chaco.
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